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ABSTRACT 
Various gas turbine cycles are known where water is 
introduced as a liquid or as a vapor into the combustor of the 
gas turbine. Such cycles include the Humid Air Turbine (HAT) 
cycle, the Steam Injected (STIG) cycle, and the Regenerated 
Water Injected gas turbine cycle (RWI). The effect of water 
vapor is the increasing of net power output and the reduction of 
NOx formation within the combustor. However the net increase 
in power output is limited in commercial models of gas 
turbines, because a large addition of water vapor leads to the 
mismatch between the compressor and the turbine. In this paper 
a possible method to solve this problem is proposed: it is based 
on a novel concept for combining refrigeration and power 
production in humid gas turbine cycles. In the proposed system 
a fraction of the air at compressor discharge is extracted, cooled 
to nearly ambient temperature, dried and expanded in a turbine. 
At turbine outlet the air is at a very low temperature and can be 
used for providing refrigeration. A thermodynamic analysis has 
been carried out to investigate the performance of the system in 
HAT, STIG and RWI cycles for different operating conditions 
representing the state of art of commercial gas turbines. In 
particular the pressure ratio and the turbine inlet temperature 
have been respectively varied in the range 7-45 and 900-
1500°C. Sensitivity analyses have been performed to assess 
how the amounts of extracted air and injected steam affect the 
net power output, the electrical efficiency and the cooling. The 
results show that cryogenic temperatures (lower than -100°C) 
for refrigeration can be achieved in combination with very high 
electrical efficiency (over 40%, typical of humid gas turbine 
cycles). tps://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UINTRODUCTION 
Since the 80’s the utilization of gas turbines for electric 
power generation has increased rapidly. Gradually gas-steam 
combined cycles have become the most widespread technology 
for improving the performance of gas turbines, due to the high 
efficiency; currently as high as 60% with gas turbines utilizing 
steam blade cooling [1]. However the high investment costs for 
the steam equipment (especially turbine and condenser) make 
the combined cycle suitable only for medium to large size 
plants (> 50 [2]÷70 [3]MW). Therefore new cycles based on 
steam-water injection have been proposed for increasing the 
power output and the efficiency in low-to-medium size plants. 
 The STIG cycle is characterized by steam generation in a 
heat recovery section fed by the turbine exhaust gas. Steam is 
then injected into the gas turbine, thus increasing power by 50-
70% and the efficiency of 10 points % [4] over the simple cycle 
gas turbine. In 1978 Cheng [5] patented the CHENG cycle, 
which is similar to the STIG cycle1 and in 1985 the first 
CHENG cycle was put into operation at San Jose State 
University [4]: it utilized an Allison 501 KM of approximately 
7 MW. At the present time a number of gas turbine 
manufacturers offer machines modified for significant but 
limited amounts of steam injection (GE LM5000, LM2500 and 
LM1600, Allison 501 KM, Kawasaki M001-13C.C.). 
According to [6] over 200 CHENG cycles based on the Allison 
501 are currently in operation, mainly in Japan. 
Water injection has been also proposed in order to enhance 
the performance [7-9]. The basic idea of RWI (Regenerated 
Water Injected) cycle is to add water before the regenerator, 1 Copyright © 2007 by ASME 
1 In the CHENG cycle the steam used to recover the exhaust gas waste heat  
operates at maximum flow rate [6, 10]. This is achieved through a special 
design of the HRSG which is capable to operate the boiler at floating pressure 
and to super-heat steam at the highest possible temperature. 
se: http://www.asme.org/about-asme/terms-of-use
Downlthus increasing the amount of heat recovered from the exhaust 
gas from the turbine. This can be coupled with compressor 
intercooling, which may be accomplished by direct injection of 
water into the air stream. 
In 1989 Rao [11] patented the HAT (Humid Air Turbine) 
cycle, in which water vapor is introduced into the air in a more 
efficient manner, i.e. in a humidifier tower. Heat required for 
the humidification operation is recovered by circulating water 
in surface heat exchangers (after-cooler, economizer and 
optionally intercooler) from compressed air and turbine exhaust 
gas. HAT cycle, also referred as EvGT (Evaporative Gas 
Turbine) cycle, is not commercial but there exist a pilot plant at 
Lund University using a Volvo VT600 [4] and another pilot 
plant of 3.6 MW is planned for the end of 2006 at Hitachi [12]. 
A major challenge to overcome for the commercialization 
of these humid cycles is that the increase in net power output in 
commercial gas turbine models is constrained by the relative 
size of the compressor and the turbine.  The large addition of 
water vapor or steam in these cycles leads to a mismatch 
between the compressor and the turbine. One of the 
consequences of water vapor or steam injection is that the 
pressure at compressor discharge is increased and this could 
lead to compressor stall. Thus only a limited amount of water 
may be added into the working fluid for expansion in the 
turbine while utilizing existing gas turbines. A possible method 
to solve this problem was proposed by Rao [13], describing a 
HAT cycle where a fraction of compressed air is humidified, 
heated in a regenerator (optionally sent to a combustor) and 
finally expanded in a separate turbine (not coupled to the 
compressor of the main machine). However, practice of this 
method results in a significant increase in cost in relation to the 
improvement of efficiency and power for these smaller scale 
power plants. 
An alternate scheme to avoid the mismatch of compressor 
and turbine in humid cycles consists of: extracting a fraction of 
air leaving the compressor, cooling and expanding in a turbine 
to near atmospheric pressure while obtaining a very low turbine 
exhaust temperature. This cold air stream can be used in a heat 
exchanger providing refrigeration. The system is proposed in 
combination with STIG, HAT and RWI in hybrid cycles 
cogenerating electric power and cooling. If gas turbine exhaust 
gas is used also for heat production and export the system 
results in a tri-generation plant.  
The possibility of co-generating electric power, heat and 
cooling is very interesting, as in the last years several tri-
generation plants were installed in industrial and civil 
applications. Gas turbine for tri-generation (and in general for 
CHP) are the preferable choice for the 5-20 MWEL size range 
plants, while reciprocating engines are used for smaller plants. 
Tri-generation with gas turbine is usually carried out by 
installing an absorption chiller fed by turbine exhaust gas or by 
the steam generated in the HRSG.  
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AC  After Cooler 
BFW Boiler Feed Water 
c  Specific Heat     
CHP Combined Heat and Power 
COT Combustor Outlet Temperature 
DRY Dryer 
EvGT Evaporative Gas Turbine 
EXPT Expansion Turbine 
FW  Feed Water 
GT  Gas Turbine 
HAT Humid Air Turbine 
HEA Heat Exchanger for Air 
HER Heat Exchanger for Refrigeration 
HRSG Heat Recovery Steam Generator 
IC  Inter-Cooler 
PR  Pressure Ratio 
r/a  air extracted for refrigeration to total air 
REC Recuperator 
REG Regenerator 
RWI Regenerated Water Injected 
s/a  Steam injected to compressed air 
SAT Saturator 
STIG Steam Injected Gas Turbine 
TIT  (First Rotor) Turbine Inlet Temperature 
TOT Turbine Outlet Temperature 
∆TPP   Pinch Point Minimum Temperature Difference 
W  Power output 
 
Greek letters 
η  Efficiency 
ε  = (k-1)/k 
 
Subscripts 
EL  Electrical 
P  Pressure 
TH  Thermal 
V  Volume 
 
Symbols 
k  = cP/cV 
R  = cP - cV 
 
1. REFRIGERATION SYSTEM 
The refrigeration system includes the following 
components:  
1. a heat-exchanger (HEA) which cools the air extracted from 
compressor to 25°C; 
2. a dryer (DRY), which removes water vapor from the air 
stream; 
3. an expansion turbine (EXPT), in which air is expanded to 
atmospheric pressure and very low temperature; 
4. a heat exchanger providing refrigeration (HER). 2 Copyright © 2007 by ASME 
Use: http://www.asme.org/about-asme/terms-of-use
DownloaThe performance of the refrigeration system is affected only by 
one parameter relative to the gas turbine, i.e. the pressure ratio 
PR and by the fraction of air extracted for refrigeration. The 
following non-dimensional ratio can be introduced to identify 
the mass flow of air used for refrigeration. 
 
(kg/s) compressedair 
(kg/s)ion refrigeratfor  extractedair ar =  
 
Figure 1 shows how PR affects the cooling production in HER 
for three different values of r/a. The assumptions made for the 
simulation of refrigeration system are summarized in Table 1.  
It is worth noting that in Figure 1 the cooling is expressed 
in kJ/kg, where kg refers to the total air flow at compressor 
inlet. This allows an easier comparison with the specific power 
output of the GT, which is also usually expressed per unit of air 
mass flow. The results show that the cooling production 
increases when pressure ratio is higher in accordance with the 
equation for adiabatic expansion.  
 



















is always a positive number. Therefore an increase of PR 
reduces the temperature of air stream after the expansion thus 
increasing the cooling production in HER. Figure 2 illustrates 
this effect of pressure ratio on Tout, as well as the influence of 

























Figure 1: Specific cooling as a function of PR and r/a 
 
 































Table 1: Assumptions made for the Refrigeration Cycle  
HEA outlet temperature 25°C 
EXPT Isentropic efficiency 0.85 
Air temperature at HER outlet  10°C 
Heat-Exchangers Heat Loss Negligible 
Pressure Loss Negligible 
Air composition (% vol): N2 (77.29) O2 (20.75) Ar 
(0.92) CO2 (0.03) H2O (1.01)  
 
 
2. THE R-STIG CYCLE 
The flowsheet of the R-STIG cycle investigated in the 
present paper is illustrated in Figure 3. It is essentially 
constituted by a conventional STIG cycle with intercooler, in 
combination with the refrigeration cycle. A fraction of air at 
compressor outlet is cooled to 25°C, dried and expanded to 
atmospheric pressure. Air leaves the EXPT at very low 
temperature and provides for refrigeration in the heat 
exchanger HER. The exhaust gas from the GT turbine flows 
into a HRSG, where super-heated steam is produced. A fraction 
of steam is injected into the combustion chamber of the gas 
turbine, while the remaining fraction is exported. 
In this study a general thermodynamic analysis of the 
system is carried out, therefore the following assumptions are 
made:  
1. No air for blade cooling is extracted. 
2. The match between compressor and turbine is not 
considered. 
Of course these simplifications make the results of the 
simulation slightly different from the performance of real 
machines.  
The following parameters are introduced to describe plant 







(kg/s) injected steamas = ; 
 
(kW)input   thermalequivalent fuel
(kW)output power  electric
=ELη ; 
 




















Figure 3: Scheme of the R-STIG cycle 
 
 
2.1 STIG with heat and cooling production 
The first analysis has been carried out considering that 
both heat and cooling are produced by the plant. Furthermore 
all the steam produced is generated in the HRSG without 
additional external heat. A fixed amount of steam is injected 
into the combustion chamber, while the remaining fraction is 
used for heat export. The amount of the total steam produced is 
determined to maximize heat recovery from exhaust gas, by 
reducing stack temperature to 90°C. In some cases however the 
factor which limits steam production is ∆TPP (15°C) at the 
evaporator. 
The system has been investigated in a wide range of 
pressure ratios (PR = 4 to 46) and turbine inlet temperatures 
(TIT = 900 to 1500°C).  
The main assumptions for plant simulation are summarized 
in Table 2, while performance characteristics are illustrated in 
Figure 4 for (a) r/a = 0.1, s/a= 0.1; (b) r/a=0.1, s/a=0.2; (c) 
r/a=0.2, s/a = 0.2. For certain values of PR and TIT the heat 
available from exhaust gas is not sufficient for producing the 
required amount of steam. This explains why some curves are  
oaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of not plotted in the region of highest values of PR. For example 
in figure 4a) the maximum PR is 28 and 16 when TIT is 
respectively equal to 1050°C and 900°C. 
It is worth noting that the results illustrated in Figure 4 are 
relative to a STIG cycle with a fixed steam super-heating 
temperature (300°C) and pressure (20% higher than the 
compressor discharge). Therefore it is not optimized with 
regard to electrical efficiency and the cycle may be considered 
a “generic” STIG cycle (rather than a CHENG cycle); the aim 
of the analysis being an assessment of how the air extraction 
and steam-injection affect the performance. 
In Figure 5 performance characteristic curves are 
illustrated for two PRs and for r/a and s/a variable in the range 
0.1-0.3. When the air extraction for refrigeration increases, 
power and electrical efficiency decrease but the reduction is 
more significant when s/a is low. Figure 6 shows ηEL and ηTH 
for the same PRs, r/a and s/a. Thermal efficiency increases as 
PR decreases and is lower for higher s/a and r/a. 
 
 
Table 2: Assumptions made for R-STIG simulation 
 
Gas Turbine 
Air Inlet temperature 15°C 
Air Inlet Pressure 1.013 bar 
Compressor Isentropic efficiency 0.88 
Intercooler Outlet Temperature 25°C 
Pressure Ratio PR 4  to 46 
TIT 900 to 1500 °C 
Turbine Isentropic efficiency 0.9 
GT Mechanical/Electrical Efficiency 0.98 
Fuel  CH4 
Fuel temperature 185°C 
Fuel pressure 1.2 PR 
Refrigeration System 
HEA outlet temperature 25°C 
EXPT Isentropic efficiency 0.85 
HER outlet temperature 10°C 
r/a 0.1 to 0.3 
Heat Recovery 
Feed Water temperature 15°C 
HRSG pressure loss 0.04 bar 
Steam pressure 1.2 PR 
s/a 0.1÷0.3 
Steam temperature 300°C 
HRSG outlet gas temperature 90°C 
Minimum ∆T in HRSG 15 °C 
 
4 Copyright © 2007 by ASME 
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2 For a TIT=1350°C and PR=21, the H2O fraction in the exhaust gas is 11%, 
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Figure 4: R-STIG performance characteristics curves for  
(a) r/a=0.1, s/a=0.1; (b) r/a=0.1, s/a=0.2; (c) r/a=0.2, s/a=0.2 
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Figure 6: ηEL versus ηTH in R-STIG(TIT=1350°C) 
 
2.2 R-STIG with identical r/a and s/a 
Figure 7 shows a particular case of the R-STIG cycle, in which 
r/a=s/a, i.e. the mass flow of inject steam equals the amount of 
air extracted for refrigeration. Therefore the mass flow of gas 
expanded in the turbine is the same as in the nominal operation. 
This assumptions allows to evaluate the effects of expanding 
gas composition on the system performance. Curves are plotted 
as function of pressure ratio for three values of r/a (0, 0.1 and 
0.2) and two values of TIT (1350°C and 1200°C). The blue 
lines are isobaric and iso-TIT curves, which connect points at 
different r/a (s/a). They clearly show that an increase of r/a 
improves both η and W. Therefore if the gas expanding in 
turbine has a higher water fraction2 the power output increases. 5 Copyright © 2007 by ASME 
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DownlThis is explained by the equation of the isentropic enthalpy 
drop assuming ideal gas behavior.  
 





A higher water fraction determines an increase of cP and TOUT; 
these increments have opposite effects on the enthalpy drop, 
but the net result is an increase of ∆hIS. 
The dashed lines in Figure 7 are isobaric and iso-r/a 
curves: they show that a higher TIT increases the specific 
power output and in general also the efficiency. However for 
r/a=0.1 the increase of efficiency with TIT is reduced and for 
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Figure 8: R-STIG performance characteristics at fixed s/a=r/a and 
TIT=1350°C   









0% 5% 10% 15% 20% 25% 30% 35%





































Figure 9: R-STIG electrical and thermal efficiency in function of 
s/a=r/a and TIT=1350°C 
 
Figure 8 shows the performance of the R-STIG cycle for a 
TIT=1350°C with the assumption of r/a=s/a. For the same 
pressure ratio if we move towards the right the electrical 
efficiency and work increase. Figure 9 confirms this trend, 
showing that on the contrary thermal efficiency decreases. 
 
2.3 R-STIG optimized for power production 
A further analysis has been carried out to determine the 
performance of the R-STIG cycle optimized for power 
production (i.e. no steam export). The assumptions are slightly 
modified respect to the previous section: 
• Steam super-heating temperature is 500°C, except when 
exhaust gas temperature is lower than 530°C. In this case a 
minimum ∆T of 30°C between gas and steam has been 
imposed. 
• The amount of the total steam produced is determined to 
reduce stack temperature to 90°C. In some cases however 
the factor which limits steam production is ∆TPP  (5°C) at 
the evaporator. All the steam is injected in the gas turbine, 
thus s/a is not imposed, but determined as the maximum 
steam amount producible in HRSG. 
• There is no intercooling during air compression. 
Figure 10 shows the performance characteristics for two values 
of TIT and r/a=0.1. This means that cooling production is 
variable in the range 11.5÷14.8 kJ/kgair (see also figure 1), in 
correspondence of a PR=12÷32.  The results indicate that the 
power output decreases when increasing PR, while ηEL has a 
maximum in correspondence of PR=26 and PR=19, 
respectively for a TIT of 1350°C and 1200°C. A higher PR 
reduces the exhaust gas temperature, thus decreasing steam 
production and consequently s/a and specific work. This affects 
also  ηEL, which in stead is monotonically increasing for a fixed 
s/a (see Figure 4). 
Figure 11 illustrates the results of the same analysis carried 
out also for r/a=0.2, which increases the cooling production to 
23.1÷28.5 kJ/kgair. Dashed lines represent isobaric and iso-TIT 
curves, linking points with different r/a. It is worth noting that 
both efficiency and power are significantly lower when r/a is 6 Copyright © 2007 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Down0.2. The value of PR which maximizes the efficiency shifts 
from 26 to 22 for a TIT of 1350°C and from 19 to 17 for a TIT 
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Figure 11: R-STIG optimized for power production (r/a=0.1 and 
r/a=0.2) 
 
3. THE R-HAT CYCLE 
Figure 12 shows the lay-out of the R-HAT cycle 
investigated in this paper. It is essentially constituted by a HAT 
cycle where a fraction of the compressed air is sent to the 
refrigeration system (HEA+DRY+EXPT+HER). Obviously the 
air is extracted from the after-cooler AC, rather than directly 
from compressor discharge. Thus AC provides heat for water 
saturation and a partial cooling of the air used in the 
refrigeration cycle. The remaining elements of the plant are  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of those typically found in a HAT cycle [13]: in particular the air, 
cooled at 60-120°C enters a saturation tower, where it flows in 
counter-current with hot water coming from the top. The water 
used for saturation is heated in the AC by air leaving the 
compressor and in REC by turbine exhaust gas. The humid air 
leaving SAT is sent to a regenerator (REG), before entering the 
combustion chamber of the gas turbine. 
The assumptions made in the analysis are summarized in 
Table 3, while R-HAT performance characteristics curves are 
shown in Figure 13. It is worth noting that various curves 
obtained for r/a=0.2 are very close to those found for r/a=0.1. 
In particular when the cooling production is improved (r/a=0.2) 
it is possible to obtain the same performance as for r/a=0.1 by 
increasing s/a of 0.05. The effect of the pressure ratio is to 
increase both power output and efficiency. On the contrary the 
heat production decreases (see Figure 14) when increasing as 
well as s/a.  
R-HAT cycle has been investigated also for a higher 
temperature of humid air at REG outlet (500°C). The results, 
illustrated in Figure 15, shows that efficiency is improved of 
approximately 7 points %, while the reduction of power output 
(due to the lower fuel flow and the consequent flow reduction 















Figure 12: Scheme of the R-HAT cycle 
 
 
Table 3: Assumptions made for R-HAT simulation 
TIT 1350 °C 
AC Minimum ∆T 10°C 
Humidifier Minimum ∆T 5°C 
Air condition at humidifier outlet Saturated 
Water subcooling at SAT inlet (∆T) 10°C 
Air Extraction for GT blade cooling at 1200°C 18% 
Air Extraction for GT blade cooling at 1350°C 22% 
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Figure 15: Effect of increasing temperature at REG outlet on 
performance characteristics (TIT=1350°C)  
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Figure 16: R-HAT optimized for power production (r/a=0.1) 
 
3.1 R-HAT optimized for power production 
Also the R-HAT cycle has been optimized with regard to 
electrical efficiency, by maximizing the amount of water mixed 
with air in the humidifier. As for the R-STIG the water mass 
flow has been determined to maximize heat recovery from 
exhaust gas: in this case a ∆T of 5°C has been imposed at ECO 
outlet. Super-heating temperature is 500°C, unless the turbine 
outlet temperature is lower than 530°C. In this case a minimum 
∆T of 30°C between gas and steam has been imposed.  
The results are illustrated in Figure 16, for r/a=0.1 and 
TIT=1350°C and 1200°C. The power output decreases as PR 
increases: this is apparently in contrast with the results of 
Figure 13. Actually in Figure 13 the characteristic curves are 
iso-s/a, while in Figure 16 s/a is variable and equal to the value 
which maximizes heat recovery. In particular when PR varies 
from 12 to 42, s/a decreases from 0.34 to 0.23. From PR=32 
power output increases: this is due to the reduction of exhaust 
gas temperature below 500°C and the consequent reduction of 
super-heating temperature. As superheating temperature 
decreases a higher amount of heat is recovered in the ECO, 
thus increasing the amount of water mixed with air in SAT.  
The maximum electrical efficiency is achieved for  PR=30. 
For higher values the effect of the reduced amount of water is 
stronger than the increase of PR. For TIT=1200°C the 
maximum is achieved in correspondence of PR=17. 
 
4. THE R-RWI CYCLE  
 
The Regenerated Water Injected cycle in combination with 
the refrigeration cycle is illustrated in Figure 17. As in R-STIG 
and R-HAT, a fraction of the air leaving the compressor is 
cooled 25°C, dried, expanded to atmospheric pressure and 
finally heated in the exchanger proving for refrigeration (HER). 
In this cycle demineralised water is mixed with the remaining 
air which leaves the compressor. The high temperature of air 
provokes water evaporation. Humid air is then heated in the 8 Copyright © 2007 by ASME 
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Downregenerator by the hot gas from the turbine. The exhaust gas is 
subsequently cooled to 90°C for heating. 
The main assumption in the simulation of this cycle is that the 
amount of injected water is limited by gas saturation. Therefore 
an increase of pressure ratio determines a higher water mass 
flow injected, as it results in an increase of air temperature (see 
Figure 16). In the calculations it was assumed that air enters 
REG at saturation, i.e. the amount of injected water is the 
highest possible. When increasing the air extracted for 
refrigeration (i.e. r/a), the mass flow of H2O decreases, thus s/a 
is reduced (see Figure 18). This influences efficiency and 
power output, as shown in Figure 19, which represents the 
performance characteristic for a TIT of 1350°C. For higher r/a 
both efficiency and power output decrease, due to the lower 
amount of injected water. A higher pressure ratio in-stead 
increases ηEL and W, except for r/a=0.25-0.3. 
The other assumptions for calculations are summarized in 
Table 4. Figure 20 shows the specific heat production as a 
function of the specific power output. It is worth noting that an 
increase of pressure ratio determines simultaneously the 
increase of W and the reduction of the heat produced for 
export. 
Figure 21 shows the effect of TIT on performance 
characteristics. For TIT=1200°C and PR higher than 17 the 
temperature at REG outlet has been varied to ensure a 
minimum ∆T of 15°C with the turbine exhaust gas. This 
explains why efficiency drops. For all the temperatures 
investigated a significant reduction of η is observed when 
raising r/a. Differently from R-STIG and R-HAT performance 
can not be improved by enhancing the steam-injection, due to 
the assumption of saturated air after mixing with water and 
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Table 4: Assumptions for the simulation of R-RWI cycle 
 
Feed Water temperature 15°C 
Feed water pressure 1.2 β 
Air Extraction for GT blade cooling at 1200°C 18% 
Air Extraction for GT blade cooling at 1350°C 22% 
Air Extraction for GT blade cooling at 1500°C 26% 
REG Outlet Temperature 500°C 
Minimum ∆T in REG 15 °C 
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Figure 19: R-RWI performance characteristics (TIT=1350°C) 
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3 Actually in the Aspen simulation the pressure ratio is an input and the air 
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Figure 22: R-RWI optimized for power production (r/a=0.1)  
ded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of 4.1 R-RWI optimized for power production 
To maximize power output in R-RWI the plant lay-out of 
Figure 17 has been modified introducing an economizer for 
pre-heating water (10° subcooling). As for R-STIG and R-HAT 
super-heating temperature is fixed to 500°C or a minimum 
approach temperature difference of 30°C is imposed. The 
results, illustrated in Figure 22, show that the trend of 
efficiency and power is similar to the one of Figure19. The 
maximum efficiency is obtained for a PR of 42 and 18 
respectively for a TIT of 1350°C and 1200°C. 
 
5. CASE STUDY: LM2500 STIG CYCLE 
The performance of an existing gas turbine adopted for the 
refrigeration-STIG cycle is investigated. The chosen machine is 
often used in STIG configuration (General Electric LM2500). 
The LM2500 simple cycle is characterized by the following 
parameters: 
• power output = 22.8 MW [14] 
• exhaust gas flow = 69 kg/s [14] 
• efficiency = 36.8% [14] 
• pressure ratio = 18.8 [14] 
• combustor outlet temperature = 1264°C [15] 
• TIT = 1210°C [15] 
• turbine outlet temperature = 523°C  [14] 
 
The reference STIG cycle performance has been 
determined through a simulation performed in GATECYCLE® 
with the following input: 
• Steam mass flow = 6.3 kg/s at 30 bar and 243°C [10] 
• Air mass flow = 68.06 kg/s [15]  
• Fuel flow (pure CH4) = 1,387 kg/s [15] 
• TIT = 1415.3 K [15] 
• COT = 1458.3 K [15] 
• Cooling air fraction = 15% [15] 
• HRSG pressure loss = 3.7 kPa 
 
The simulation in GATECYCLE®  has given the following 
results: 
• Pressure ratio required = 20.2 
• Net Power produced  = 27.6 MW 
• TOT = 775.6 K 
• Efficiency = 39.8 % 
 
The STIG cycle has been simulated also with Aspen Plus, 
using the same inputs as those for GATECYCLE3. The results 
obtained agree with the ones obtained in GATECYCLE: 
• Net Power produced  = 27.55 MW 
• TOT = 772.2 K 
• Efficiency = 39.7 % 
• Blade cooling air fraction = 16% 10 Copyright © 2007 by ASME 
Use: http://www.asme.org/about-asme/terms-of-use
DownThe model created in Aspen Plus has been used for 
investigating the performance of the R-STIG cycle. This cycle 
has been simulated assuming the same air input, pressure ratio, 
cooling air fraction and TIT of the reference STIG. The 
parameter varied to match TIT is the fuel flow, which therefore 
depends on the amount of extracted air and injected steam. The 
assumptions concerning the refrigeration section are 
summarized in the Table 5. It is worth noting that all the steam 
produced in HRSG is sent to the combustion chamber (see 
Figure 23); therefore the analysis has been focused on the 
configuration which does not produce heat, but maximizes 
power production. In particular an air extraction of 10%, 20%, 
30% and 40% has been considered, as illustrated in Table 6. 
As the air extraction is increased the following variations 
are observed: 
• The exhaust gas flow decreases, since the steam produced 
and injected does not compensate the reduction of air flow. 
• Consequently the power production and net electrical 
efficiency are reduced. 
 
 
Table 5: Assumptions for R-STIG in LM2500 
 
T cooled air (after AIR-CLR) 25°C 




Pressure loss Negligible 
η isentropic low-temperature turbine 0.85 
η mechanical 0.97 
Injected Steam temperature 243°C  
Injected Steam Mass flow  All the steam 
produced in HRSG 
∆T pinch point in HRSG 15°C 
 
A value of r/a of 0.21 allows to produce the same power of 
the reference STIG. It is worth noting that electrical efficiency 
is slightly lower (38.1% vs 39.7%) and that the cooling is 1900 
kW in R-STIG, while the heat produced in the reference STIG 
is 16.8 MW. If all this heat is used to feed an absorption chiller 
with a COP=0.5 the cooling is 8425 kW (ABS-STIG). 
However absorption chillers can not reach cryogenic 
temperature, while the R-STIG cycle reaches a temperature of -
123°C at turbine outlet.  On the other hand, the R-STIG case 
with r/a=0.1 shows the highest electrical efficiency of 41.7% 
but the cooling duty of 904 kW is much lower. 
The results illustrated in Figure 24 are relative to the 
possibility of cogenerating heat and cooling at the same time. 
In particular the lines represent 4 different value of r/a (10, 20, 
30, 40%), corresponding respectively to a cooling equal to 904, 
1087, 2711 and 3614 kW. The percentage in the figure 
indicates the fraction of the steam produced in HRSG which is 
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A comparison of the various cycles is difficult because 
different relative amounts of electric power to cooling to heat 
are generated by each cycle and with each operating condition.  
Further, the temperatures of the cooling duty and the heating  
duty made available by each cycle differs.  The above analysis, 
however, shows that these novel trigeneration cycles are 
versatile in being configured for different ratios of electrical 
power to heat to cooling. Furthermore, the temperature of the 
extracted air entering the expansion turbine (EXPT) may be 
varied to affect the ratio of electric power to cooling duty and 
its temperature giving these cycles an added degree of freedom. 11 Copyright © 2007 by ASME 
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DownloadTable 6: Results relative to LM2500 in R-STIG configuration 





power Cooling η 
Exhaust 
gas flow TOT Stack T Heat 
   kg/s MW MW MW kW % kg/s °C °C MW 
R-STIG 0.1 0.214 1.65 33.46 0.94 34.40 904 41.7% 77.5 518.3 91.2 0 
R-STIG 0.2 0.191 1.47 26.31 1.88 28.19 1807 38.5% 68.9 518.4 91.2 0 
R-STIG 0.21 0.188 1.45 25.57 1.98 27.55 1900 38.1% 68.0 518.4 91.2 0 
R-STIG 0.3 0.167 1.28 19.15 2.82 21.97 2711 34.3% 60.3 518.4 91.1 0 
R-STIG 0.4 0.143 1.10 11.98 3.77 15.75 3614 28.6% 51.7 518.4 91.1 0 
STIG - 0.093 1.39 27.55 NA 27.55 NA 39.7% 75.75 499.0 103.4 16.85 
ABS-STIG - 0.093 1.39 27.55 NA 27.55 8425 39.7% 75.75 499.0 103.4 -      
 
Thus, the ultimate user has the opportunity to customize a gas 
turbine to suit its specific needs. 
The maximum relative electrical efficiencies (without any 
export heat) of the R-STIG, R-HAT and R-RWI cycles at a TIT 
of 1350°C with r/a = 0.1 are shown in Figure 25 and are 
respectively 49.4%, 51.3% and 47.8%, obtained in 
correspondence of a PR equal to 26, 30 and 42.  The 
corresponding cooling duties for these three cycles are 14.1 
kW, 14.5 kW and 15.5 kW with temperatures of -131°C,    
-135°C and -145°C, respectively. A thermodynamic comparison 
of these cycles may be made by assigning a value for the 
quantity and quality of cooling duties offered by each of the 
cycles.  As a first approximation, the cooling duty may be 
converted to its equivalent electric power by applying a Carnot 
cycle efficiency with the Carnot cycle operating in reverse, i.e., 
rejecting heat at the cooling temperature. Thus the equivalent 












TTQW   
 
where Qcool is the cooling duty, Tcool is the temperature at 
refrigerator inlet and Tex is the external ambient temperature, 
supposed to be the higher temperature in the ideal Carnot cycle. 
The results of such an analysis show that by adding WEQ to the 
net power output, maximum electrical efficiencies of the R-
STIG, R-HAT and R-RWI cycles increase respectively to 
50.5%, 52.5% and 49.4%. Therefore the increase is 
approximately 1.2 point % for R-STIG and R-HAT, and 1.5 in 
R-RWI. This is due to the higher PR in R-RWI, which 
enhances cooling duty and reduces Tcool. However we can 
conclude that the three cycles are affected in a similar way by 
the introduction of the refrigeration cycle: higher values of r/a 
reduce significantly the electrical efficiency and the power 
output. This reduction can be compensated by steam 
injection/water addition at the expense of a lower heat 
production.   
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Figure 25: Performance characteristics of R-STIG, R-HAT and        
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Figure 26: R-STIG vs. R-HAT optimized for power production 
(r/a=0.1-0.2, TIT=1350°C) 
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DownloaThe highest electrical efficiency is showed by the R-HAT, 
which besides is the least sensible to variation of operating 
conditions (see Figure 26). Power production and electrical 




The software ASPEN PLUS® Version 2004.1 used in this 
paper is under license of Aspen Technology, Inc. 
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